Abstract. Heat stress can frequently limit the yield of Brassica napus L. grown in Canada because of the often unavoidable concurrence of high temperatures and flowering. Ten B. napus inbred genotypes, an open-pollinated B. napus commercial cultivar and a B. juncea genotype were grown in a greenhouse and subjected to two temperature regimes in a growth chamber for 14 days during flowering: control 228C/108C and high 318C/148C (day/night). Floral buds were sampled at the end of the 14-day treatments, and an untargeted metabolomic assessment was completed using gas chromatography-mass spectrometry. Flower duration, number of flowers, number of pods, biomass, number of seeds and seed weight were recorded. Yield was reduced by 55% in the heat treatment during winter and by 41% during the subsequent autumn experimental run. Of the 12 genotypes, five were classified as heat-tolerant and four as heat-susceptible based on the calculated heat susceptibility index across two experiments. In total, 25 metabolic markers were identified that discriminated between the heat-tolerant and -susceptible genotypes exposed to the heat treatment. The variation identified within this set of germplasm has provided evidence that variation exists within B. napus to enable genetic gain for heat tolerance.
Introduction
Heat stress is an important global abiotic stress that limits the production of many crops (Hall 1992; Mittler et al. 2012; Bita and Gerats 2013; Jha et al. 2014; Liu et al. 2015) . Average temperatures have increased by 0.68C in the past 100 years (Root et al. 2003) , and with a projected rate of increase of 0.58C-2.88C by the end of the 21st Century (Meehl et al. 2005; Van Vuuren et al. 2008) , breeding for thermotolerance will be critical to maintaining or increasing genetic gain.
Brassica napus L. is an economically critical oilseed grown globally (FAOSTAT 2013) . In Canada alone, it has been reported to contribute Can$26.7 billion to the economy (Canola Council of Canada 2016) . Brassica napus is a coolseason allotetraploid (AACC, 2n = 38) originating from two progenitor species, B. rapa L. (AA = 2n = 20), and B. oleracea L. (CC 2n = 18) (Nagaharu 1935) . Research suggests that B. napus is most sensitive heat stress during gametogenesis and reproduction (Morrison 1993; Angadi et al. 2000; Young et al. 2004) . Various studies have indicated that high-temperature stress can occur in B. napus at >258C. These effects have been investigated using treatments as high as 358C (Gan et al. 2004) and with control temperatures (day/night) of 208C/188C (Angadi et al. 2000) and 238C/188C (Young et al. 2004) . Flowering of B. napus in western Canada occurs~40-50 days after planting.
Depending on planting date, the reproductive phase can align with the high temperatures in July, exacerbating the impact of heat (Kutcher et al. 2010 ).
An essential requirement to enable genetic gain in thermotolerance within B. napus is the identification of genetic variation. Thermotolerance variation between Brassica species has been reported, with B. rapa found to be the most sensitive followed by B. napus and B. juncea (Angadi et al. 2000) . Annisa et al. (2013) reported genetic variation within a global set of B. rapa accessions. Although it may be possible to exploit the genetic variation for thermotolerance within other Brassica species and introgress heat tolerance to B. napus, this method could negatively affect favourable agronomic and quality traits required to meet canola quality classification. If genetic variation within the primary gene pool exists and exploited, this would expedite the process of improving thermotolerance within B. napus.
In attempting to discover variation within germplasm to a trait such as thermotolerance, it is important to remove underlying genetic effects that may not be related to the trait of interest. Fischer and Maurer (1978) developed a drought-susceptibility index that accounted for genetic differences between wheat genotypes under control v. water-limited environments. This index has since been utilised to measure variation in response to different abiotic stresses including heat in various crops (Bayuelo-Jiménez et al. 2002; Pradhan and Prasad 2015; Trapp et al. 2016) .
Phenotyping abiotic stress traits can be resource-intensive (Araus and Cairns 2014) . Because of the high costs associated with phenotyping, breeders often attempt to discover secondary or supplementary traits (Campos et al. 2004; Passioura 2012) . Physiological traits such as carbon isotope discrimination (CID) have shown promise in the ability to screen wheat genotypes for water-use efficiency and yield simultaneously (Monneveux et al. 2006; Zhang et al. 2014) . Under periods of heat stress, plants increase transpiration in an effort to maintain an optimum temperature (Crawford et al. 2012) . Given the association between CID and stomatal conductance (Fischer et al. 1998) , the relationship between heat stress and CID in B. napus should be explored.
Abiotic stresses such as salt, low temperature, high temperature and drought have been shown to alter dramatically the metabolome of multiple species (Kaplan et al. 2004; Rizhsky et al. 2004; Almeselmani et al. 2006; Babu and Rangaiah 2008; Guy et al. 2008) . Untargeted metabolomic studies have shown promise in their ability to discover metabolic markers in response to heat stress in Agrostis (bentgrass) (Xu et al. 2013) and in rice . Exploring this metabolic variation may identify metabolic markers that could then be utilised to increase the accuracy and/or capacity of phenotypic screening (Peng et al. 2015) . In a review, Fernandez et al. (2016) list the several metabolic markers from grain yield under drought stress in maize (Obata and Fernie 2012) to chip quality in potatoes (Steinfath et al. 2010 ) that have the potential to enhance phenotypic data and enable earlier selection decisions.
We conducted a greenhouse and growth chamber study, with the aims of (i) determining whether genetic variation exists within spring B. napus in response to heat stress during reproduction, and (ii) identifying potential secondary or supplementary traits that could be used in a high-throughput manner to identify genotypes with increased thermotolerance. The phenotypic, physiological and metabolic measurements will provide a path forward for future thermotolerance research in B. napus.
Materials and methods

Experimental material, design and treatments
Twelve genotypes were used in the research: 11 spring B. napus genotypes comprising five ogu INRA restorer lines (PM03, PM63, PM68, PM69, PM88), five maintainer lines (PB27, PB36, PB56, PB82, PB98) and one commercial open-pollinated cultivar (46A65); and a B. juncea genotype (45J10). The plants were sown in the greenhouse at the University of Manitoba, Winnipeg, MB, Canada, and the experimental treatments were conducted in a growth chamber (Econair GRC-10; BioChambers, Winnipeg, MB).
A split-plot experimental design with five replicates and two temperature treatments was used for this controlled environment experiment. Temperature treatment was considered the main effect and genotype the subplot, with each plant treated as a replicate. Owing to space constraints in the growth chamber (the same growth chamber was used in all cases), the treatments and experiments were planted sequentially in the greenhouse. Therefore, for the first (winter) experimental run, plants were planted on 6 January 2014 and the control plants on 24 January 2014. The second (autumn) experimental run was planted during the subsequent autumn, with the controls planted on 8 September 2014 and the heat-treatment plants on 15 October 2014. Plants were transferred to the growth chamber for 14 days for treatments.
The two growth-chamber treatments were control 228C/108C and heat stress 318C/148C (day/night) ( Fig. 1) , with a photoperiod of 16 h day/8 h night and a photosynthetic photon flux densitỹ 432 mmol m -2 s -1 . Greenhouse settings were photoperiod 16 h day/8 h night, with average temperatures of 238C/208C and 228C/198C (day/ night) for the winter and autumn experiments, respectively.
Plant husbandry
Genotypes were planted in a growth room into germinating mix (Sunshine Mix #4; Sun Gro Horticulture, Agawam, MA, USA), and at the two-leaf stage, five uniform plants of each genotype were transplanted into five 1.5-L pots and placed in a green house. Each pot was filled with 2 : 2 : 1 soil : sand : peat moss. A water solution (2.8 g L , 60 mL per pot). Plants were watered to field capacity every second day until the rosette stage, at which time they were watered daily. All plants were grown in the greenhouse until BBCH growth stage 53 (buds at the same height as the newest leaves) (Hess et al. 1997) . When a plant had reached BBCH 53, it was transferred from the greenhouse to the growth chamber for 14 days; this ensured that all plants entered the growth chamber at the same growth stage. During the growth-chamber treatments, plants were watered in the morning and supplemental watering occurred in the afternoon to eliminate drought as a potential limiting factor. At the end of the 14-day treatment, plants were transferred back to the greenhouse. At physiological maturity (seeds on the main raceme starting to change colour), pots were watered every second day until all seeds had turned black, at which point watering ceased.
Data collection
Number of days to first flower was measured from planting date to first open flower, and number of days to last flower was recorded based on planting date until the last flower had opened. Based on this information, flower duration was calculated by subtracting the number of days to first flower from number of days to last flower. When plants were removed from the growth chamber, all racemes were tagged at the point in which the flowers were open. Flowers and pods that formed below those tags were labelled as growth chamber (GC) and flowers and pods that formed above the tags were labelled as greenhouse (GH). Number of flowers indicates all flowers that originated on the plant, including the developed pods. Siliques that contained at least one seed were counted as pods. Pod : flower ratios were calculated to give the proportion of flowers that successfully produced seed. Pollen numbers were counted by collecting the anthers from five dehiscing flowers from each plant at the end of the 14-day growthchamber treatment. These anthers were submerged in 1 mL distilled water in a 2-mL microtube and shaken to release pollen. Immediately following mixing, a 10-mL aliquot of solution was placed on a hemocytometer. Four counts were taken within the 4 Â 4 grids in each corner by using an Olympus CH2 light microscope (Olympus, Tokyo), and the mean was recorded.
Seed yield (g) was measured separately for the pods formed labelled as GC and GH, and the total seed yield was the combined weight. Seeds were also counted to determine the number of seeds for both the GC and GH portions of the plants. Number of seed per pod was calculated by dividing number of seeds by number of pods, and 1000-kernel weight (g) was calculated by dividing the yield by number of seeds and multiplying by 1000. Biomass (g) was measured by taking the weight of aboveground biomass after the plant had completely dried in the greenhouse; the seed weight was then subtracted from this value. Harvest index was calculated by dividing seed yield by biomass.
Heat susceptibility and heat intensity indices
Heat susceptibility index (HSI) and heat intensity index (HII) were calculated for seed yield and yield components conforming to the model outlined by Fischer and Maurer (1978) . For HSI:
where Y h is the response of the genotype when exposed to high temperatures in the growth chamber and Y c is the response of the same genotype when exposed to the control temperatures in the growth chamber. For HII:
where X h is the average of all entries when exposed to high temperatures in the growth chamber and X c is the average response of all entries when exposed the control temperatures. If a genotype received an HSI >1 then it was more sensitive to the heat treatment than the mean response of all entries. If the index was <1 then the genotype was more tolerant than the mean response of all entries.
Carbon isotope discrimination
Carbon isotope composition (d 13 C) for all genotypes and all treatments was measured on the stem tissue collected at harvest. Farquhar and Richards (1984) demonstrated that stem, leaf and seed samples, while differing in d 13 C concentration, were highly correlated with one another, indicating that any plant tissue has the potential to be utilised in measuring d 13 C. Samples were ground into a fine powder, then a 3.5-mg sample was placed in a tin capsule and sent to the University of Saskatchewan where the d 13 C was determined (Bichel 2013 ). The d C ratio on each sample (R s ) to the Pee Dee Belemnite (PDB) international standard (R PDB ), using the formula:
The CID was determined by using the formula below and was the difference between the d C a assumed to be -8% (Zhang et al. 2014) :
Metabolomics
Metabolites were extracted from growing buds with dry weights of 1.86-16.81 mg (4.99 mg mean), with differences in weight mainly due to differential bud size. Metabolites were extracted and analysed following an established protocol (Asiago et al. 2012 ) with minor deviations. Samples were analysed with an 6890A gas chromatograph (Agilent, Palo Alto, CA, USA) coupled to a Pegasus HT time-of-flight mass spectrometer (LECO, St. Joseph, MI, USA). The detector voltage was set at 1625-1675 V. Genotypes were distributed across analytical batches to ensure that genotype was not confounded with analytical batch (day of analysis). Raw Leco.peg data files were converted into.netcdf (Andi) formats by using ChromaTof software version 4.50.8.0 (LECO) and were processed with Refiner MS software version 8.1 (Genedata, Basel, Switzerland) as described in Asiago et al. (2012) . All peaks within the same retention index window (0.75 retention index units) that corresponded to 
Statistical analyses
Homogeneity of variance and normality of distribution were tested using ASReml 3 (VSN International, Hemel Hempstead, UK) and entries were removed from the analysis if the total seed yield of an entry was >3 standard deviations from its mean. Data was analysed by using ASReml 4 to calculate best linear unbiased predictions (BLUPs) with the following model:
where the data vector y represents the observed phenotype, b is the fixed terms for the matrix X, u is the random terms for matrix Z, with e representing the error matrix. Overall mean and treatments were fixed effects, while experimental run (winter, autumn), genotype, experiment Â treatment, treatment Â genotype and experiment Â treatment Â genotype were treated as random effects along with replicate, which was nested within experiment and treatment. The selection of model terms was assessed using the Akaike information criterion. Microsoft Excel (Microsoft, Redmond, WA, USA) was used to calculate the Pearson r correlation between seed yield and yield components. Regressions were calculated using Microsoft Excel 2010 and R (R Foundation for Statistical computing, Vienna).
Results
Effect of treatment on yield and yield components
The main treatment effect was not significant for seed yield when both experimental runs (winter, autumn) were combined; however, there was a significant experiment Â treatment Â genotype interaction when tested with a likelihood ratio test (21.2, P < 0.005). An assessment of the residuals v. the fitted values was homogenous across both experimental runs; therefore, the combined analysis was used to investigate further the two 3-way interactions (Gilmour et al. 2009 ). When referring to the winter or autumn experimental runs henceforth, it will be to refer to the treatment Â genotype interactions within these experimental repetitions as determined by the combined analysis.
Within each 3-way interaction, all traits collected were significantly affected by the heat treatment, with the exception of flower duration and 1000-kernal weight in the autumn experimental run (Table 1) . Trends across treatments were consistent for all traits except biomass. Flower duration was longer in the heat treatment for both experimental runs (by 4 days in winter and 1 day in autumn), due to a greater number of flowers produced on the heat-treated plants (43 in winter and 25 in autumn). However, this increased number of flowers did not translate into more pods, and there were fewer pods on the heat-treated plants (by 34 in winter and 22 in autumn) and a lower pod : flower ratio (decrease of 0.25 in winter and 0.16 in autumn). Pollen number declined significantly in the heat treatment for both experimental runs, dropping by 56% in the winter experiment and 44% in the autumn experiment. Number of seeds per pod decreased in both experiments, by seven seeds per pod. Seed number declined in the heat treatment in both experimental runs, by 68% (winter) and 53% (autumn). The 1000-kernal weight increased in the heat treatment, by 45% in winter and 24% in autumn. Total seed yield declined by 55% (winter) and 41% (autumn) for the heat-treated plants (Table 1 ). The yield from flowers that opened in the growth chamber contributed to 51% and 52% of the total yield for the control treatment in the winter and autumn runs respectively, but only 37% and 43% for the heat treatment.
Yield component analysis
Total yield had a significant positive relationship between the both treatments within the autumn experimental run (Pearson r = 0.65). There was no significant relationship for total yield between treatments in the winter experimental run, indicating that genotypes were responding differently across treatments (Table 2) . Total seed number and harvest index were related to total yield in all treatments and experimental runs. Interestingly, pollen number from the control treatment was significantly related to total yield, pod number, pod : flower ratio and seed number within the heat treatment of both experimental runs, but not to the same traits within the control treatment with the exception of pod : flower ratio in the winter run. 
Heat susceptibility index
The HII was for 56% the winter experimental run and 41% for autumn. Total seed yield HSI values represent the impact of the heat stress treatment on seed yield within the context of the mean treatment effect on all genotypes (Fig. 2) . The relationship of the HSI values across both experimental runs was r = 0.50 (P < 0.1), with entries 45J10, PB98, PB36, PM68 and PM88 all having HSI <1 for total seed yield in both runs, indicating a greater thermotolerance than the mean of the population. Entries PB27, PB56, PM63 and PM69 all had HSI >1 for total seed yield during both runs, indicating lower thermotolerance than the mean of the population. Three entries (PB82, PM03, 46A65) did not exhibit a consistent HSI across both experimental runs and they were therefore left unclassified.
To compare the ability of genotypes to compensate, total seed yield HSI was plotted against GC seed yield HSI for both experimental runs (Fig. 3 ). PB98 and PM88 were located in the lower left quadrant for both winter (Fig. 3a) and autumn (Fig. 3b) , which demonstrates their ability to set seed during the heat treatment and minimise the impact of the stress on total yield compared with the rest of the group. In both runs, PM68 had a GC HSI of 1.26 and 1.49, which made it the second-worst performing genotype in the group; however, its total HSI was 0.51 and 0.97 in winter and autumn, respectively. This indicates that once the heat stress was removed, PM68 was able to compensate by setting seed in the greenhouse. PB56 and PM63 were in the upper right quadrant for both winter and autumn, indicating that they were less able to set seed during the heat treatment and unable to compensate for this reduction in seed set when moved back to the greenhouse. In the autumn run (Fig. 3b) , PB36 was able to set more seed during the heat stress treatment than during control treatment in the growth chamber, with an HSI of -0.18, and was classified as heat-tolerant overall for both experimental runs. PM03 and PB82 showed the most dramatic differences between both runs, whereas PB98, PM88, PB56 and PM63 each remained within the same quadrant across both runs.
Total HSI was used to apply a final classification to the genotypes. The abilities to tolerate the heat stress and/or compensate once the stress is removed are of value in dealing with transient heat stress. Entries 45J10, PB98, PB36, PM68 and PM88 were classified as heat-tolerant, and entries PB27, PB56, PM63 and PM69 were classified as heat-susceptible. These classifications were used for the subsequent metabolomic data analysis.
Carbon isotope discrimination
There was significant main effect for CID (P < 0.05) and an entry Â experiment interaction (P < 0.005), but the treatment Â entry Â year interaction was not significant. The relationship of CID across the treatments in both years was significant, with Pearson r values of 0.99 and 0.98, demonstrating consistency across treatments. All treatment combinations were reviewed to determine whether there were significant relationships between seed yield and CID within these genotypes, but none were found. Total seed number and 1000-kernel weight were significant across both experimental runs and treatments CID (Supplementary material table 1, available at the journal's website).
Floral bud metabolite content
An unsupervised principal component analysis (PCA) with floral bud GC-MS metabolomics data was able to identify a significant treatment effect in both runs, with 27.63% of the total variation in the data (17.30% PC1 and 10.33% PC2) (Fig. 4) . There was little overlap in the scores plot between the control-treated plants of both runs; however, the heat treatment caused the metabolomic profile of entries from the two runs to converge (Fig. 4) . Principal component analysis using all metabolites failed to discriminate lines based on their heat-tolerance classification in the winter run. However, PCA analysis gave a distinct grouping of the tolerant and susceptible genotypes within the heat treatment in the autumn experimental run, although this classification was apparent only with higher principal components (PC4 5.53% and PC5 4.34%) (data not shown). The top 24 loadings (metabolites) that were distinct between the tolerant and susceptible lines were identified (Table 3) . These 24 metabolites alone were then used in a subsequent PCA for each run separately (heat treatment only) (Fig. 5) . In the autumn experimental run, the tolerant and susceptible genotypes were distinguished with PC1 (27.04%) and PC2 (16.87%), as expected. However, these top 24 loadings derived from the autumn run were also effective in separating the tolerant and susceptible genotypes in the winter experimental run by PC2 (16.99%) and PC3 (10.94%). These results depict a common association between heat tolerance and a limited set of metabolites, and may explain why PCA failed to distinguish heat-tolerant from heat-susceptible genotypes when using all metabolomics data in the winter experimental run.
The fold change in relative abundance of each of the 24 aforementioned metabolites between the heat-tolerant and heat-susceptible genotypes is detailed in Table 3 . Nine metabolites increased and 15 decreased in the heat-tolerant genotypic class compared with the heat-susceptible genotypic class. Fold changes for each metabolite were consistent across experimental runs, with a maximum fold change difference of 0.7. These metabolites represent diverse pathways, strongly suggesting a broad differential metabolic response of the buds to heat stress between the two groups of plants.
Discussion
The overall effect of the high temperature treatment on the 12 genotypes was evident in the yield reduction, with genotypic variability evident for total seed yield HSI. The discovery of informative metabolic markers for heat-stress tolerance shows promise and warrants further investigation. This information has the potential to expedite the development of increased heat tolerance within B. napus by allowing breeders to exploit this variation within the primary gene pool, thereby minimising the disruption of carefully selected genetic structures. The metabolic markers provide the ability to enhance phenotypic information to improve overall selection for increased heat tolerance.
The effect of experimental run was significant when the data were combined; however, homogeneity of the residuals v. fitted values allowed the data to be combined, providing increased statistical power in detecting differences within the 3-way interaction (treatment Â genotype Â experiment). The consistency of trends across both experimental runs for phenotypic traits provided evidence that the impact of the heat treatment on all genotypes was similar in the winter and autumn runs. The consistent susceptible and tolerant classification of nine genotypes across the two experimental runs demonstrates that the majority of the genotypes exhibit a consistent response to heat stress.
When yield components were compared within and across treatments, seed number and harvest index were related to seed yield, which aligns with previous data within B. napus (Diepenbrock 2000) . The increase in the number of days to flower ending and consequently flower duration is contrary to some field studies (Jumrani and Bhatia 2014) , but aligns with indoor heat-stress studies conducted on B. napus (Angadi et al. 2000; Ramsahoi 2013 ). This increased flower duration is likely due to fewer seeds setting, which minimised the sink strength during control growing conditions in the greenhouse. Numerous studies have indicated that high temperatures affect the pollen production in soybean and in rice (Prasad et al. 2006; Salem et al. 2007; Rang et al. 2011) . The relationship between pollen number in the control treatment and yield in the heat treatment suggests that pollen number may be a limiting factor in heat-stressed B. napus. The lack of relationship between pollen number in the control treatment and control yield as well as pollen number in the heat treatment and yield in the heat treatment indicates that other limiting factors are playing a role in limiting yield. If an automated, high-throughput method could be utilised for increasing the rate of measuring pollen number (Costa and Yang 2009) , screening genotypes for pollen number may provide insight into their ability to withstand high temperatures. Because of the high degree of variability reported in the literature regarding pollen germination in B. napus (20%, Morrison et al. 2016; 37%, Singh et al. 2008; 59.2%, Young et al. 2004) , this trait was not explored. This is the first report of HSI within B. napus and it clearly demonstrates that genetic variation exists among B. napus genotypes. Brassica juncea had previously been reported as more heat-tolerant than B. napus (Woods et al. 1991) , and although the present data demonstrate this genotype to be better than the mean of the population, some B. napus genotypes showed similar or better heat tolerance. The use of HSI provided the ability to separate overall genetic potential from the response to heat stress by indicating the magnitude of the response to the treatment in relation to the overall population response. This collection of genotypes demonstrated that it is possible to apply selection pressure for heat tolerance, enabling breeders to make positive genetic gain.
Genotypic differences for CID have been reported in numerous crop species including B. napus (Matus et al. 1995; Chen et al. 2011; Kottmann et al. 2014; Dhanapal et al. 2015; Mora et al. 2015) . Easlon et al. (2013) demonstrated a relationship between CID and water-use efficiency in Arabidopsis; however, given the absence of any relationship between yield and CID in either the control or heat-stress treatment in this study, further exploration into the relationship of CID to heat stress appears unwarranted. Previous research in B. napus exploring the relationship between yield and CID was also unable to demonstrate any significant relationship (Matus et al. 1995) .
The metabolome of heat-treated plants enabled classification of heat tolerance among the B. napus genotypes assayed, and this classification of heat tolerance with selected metabolic markers was apparent in both experimental runs. The differential expression of each of these metabolites between susceptible and tolerant genotypes was remarkably similar in the two experimental runs. Together, these consistencies indicate the robustness of the response and potential utility during the selection of tolerant genotypes.
Multiple chemical classes of metabolites were represented among the top loadings for heat tolerance within the heat treatment. Among the nine metabolites with higher abundances in tolerant genotypes were two simple sugars, fructose and sucrose, along with raffinose, a common trisaccharide. Of the 15 metabolites with lower abundances with heat tolerance, seven were amino acids and two biosynthetic precursors of raffinose, myo-inositol and galactinol. Taken together, these results suggest that heat tolerance among these Brassica genotypes is associated with elevated simple sugar content rather than amino acid synthesis and/or protein breakdown. The ability of plants to alter their metabolome in response to different abiotic stresses has been reported in several species (Rizhsky et al. 2004; Wahid 2007; Witt et al. 2012) . Sun et al. (2016) differentiated metabolic profiles in maize depending on the stress imposed and, from multiple sampling time points, elucidated the most discriminatory sampling time for the stress imposed. The present work provides evidence that the metabolomic information collected from plants may provide the ability to determine not only the differences among genotypes, but also more accurately define the severity and timing of the stress to aid in the interpretation of the phenotypic response. Of the elevated metabolites within our heat-tolerant genotypes, most have been previously reported. Fructose and sucrose have been shown to be involved in heatstress response within tomato (Sato et al. 2006 ) and chickpea (Kaushal et al. 2013) , with each declining when plants were subjected to heat stress. Similar to our results on the floral buds, Firon et al. (2006) demonstrated that pollen collected from tomato plants under high temperatures exhibited different sugar concentrations depending upon sensitivity to heat, with the more tolerant genotypes maintaining a higher sugar content within the anther wall than the susceptible genotypes. Raffinose has also been reported to be involved in protecting plants against heat stress by minimising oxidative damage (Nishizawa et al. 2008) . Heat stress is known to increase free amino acid content (Guy et al. 2008; Obata and Fernie 2012) ; the fact that seven of the metabolites showing an increase in the susceptible genotypes were amino acids suggests that these susceptible genotypes experienced greater stress with the heat treatment imposed. The ability to accumulate or maintain osmoprotectants and primary energy sources and minimise the breakdown of proteins to amino acids within the floral buds may demonstrate the metabolic response necessary to minimise the impact of heat stress for tolerant genotypes . The aforementioned studies that differentiated the metabolome of genotypes or species based on their response to high temperatures screened only single susceptible and tolerant lines. Even within a species, different genotypes under control conditions have been reported to show detectable differences within their respective metabolomes (Asiago et al. 2012; Smolikova et al. 2016 ). The present research was able to link a group of potential markers associated with heat tolerance by using five tolerant and four susceptible genotypes, which further strengthens the potential use of these markers across a broader set of germplasm.
Conclusion
There was a clear trend among a subset of the genotypes across both experimental runs with regard to heat tolerance. This variation should be explored further and exploited before introgression of more exotic germplasm or consideration of transgenic approaches. Use of elite B. napus genotypes would avoid the pitfalls of inadvertent introgression of deleterious alleles or stringent regulatory implications. Further studies need to be conducted utilising the most tolerant and sensitive lines in this set of material to determine the main cause of the heat tolerance or susceptibility within B. napus. In exploiting the existing thermotolerance variation, the use of metabolic markers can be further explored to supplement phenotypic data and enhance genetic gain. The area of metabolic markers needs further examination by different analytical methods (i.e. liquid chromatography-MS) to capture information on an expanded group of metabolites, as well as searching for metabolite quantitative trait loci to increase predictive power and throughput while decreasing labour and costs. Through continued exploration of the metabolome, we may be able not only to identify metabolic markers present in stressed plants, but also to define precisely the level of stress and potentially discover constitutive metabolic markers that predict performance of a genotype to an abiotic stress even when the stress is not imposed.
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